Introduction
The magnitudes and frequency of the natural hazards and man-made hazards are increasing due to different challenges including climate change, earthquake, under-development/poverty, pandemics (International Federation of Red Cross and Red Crescent Societies IFRC website). Disasters can endanger life, well-being, and environment (Gunes and Kovel, 2000; Dakhil and Alshawi, 2014) as they can have deathly consequences and as they can cause economic losses. Lill and Perera (2017) emphasized that between 2005-2015, disasters adversely affected approximately 1.5 billion people and caused approximately $1.3 trillion loss (The United Nations Offi ce for Disaster Risk Reduction UNISDR, 2015) . For example, as a result of the Sichuan earthquake in 2008, "69,185 people died, 18,403 people went missing and a large number of houses were destroyed, and a large number of people were homeless unable to secure livelihoods" (Lefei and Shuming, 2008; Jia and Zhu, 2012) .
The resilience of the construction industry to disasters and to their consequences needs to be enhanced. 'Resilience' means the ways of improving societies' resistance and strength against disasters/hazards and reducing their adverse consequences as well as the probability of man-made hazards (Burnside and Carvalho, 2016; Haigh and Amaratunga, 2010) . DFID (Department for International Development) (2011) defi nes disaster resilience as 'the ability of countries, communities and households to manage change, by maintaining or transforming living standards in the face of shocks or stresses … without compromising their long-term prospects' (Governance and Social Development Research Centre GSDRC website). Disaster resilience depends on 'the degree to which the social system is capable of organising itself to increase its capacity for learning from past disasters for better future protection and to improve its risk reduction measures' (UNISDR, 2005 as quoted from Lill and Perera, 2017) . Inter-disciplinary solutions are required to cope with the challenges caused by the disasters (Haigh and Amaratunga, 2010) . The resilience of the built environment can contribute to the mitigation of the economic consequences of disasters and to the recovery of the societies (Lill and Perera, 2017) . For this reason, this paper aims to investigate the usage of BIM (Building Information Modeling) in enhancing disaster resilience of the construction industry and in establishment of the resilient built environment.
Materials and methods
This paper aims to investigate the usage of BIM in enhancing disaster resilience of the construction industry and in establishment of the resilient built environment. With this aim, an in-depth literature review has been carried out on the following topics: need for disaster resilient construction industry, supply chain and resilient built environment; contribution of the construction industry to the disaster resilience; ways of enhancing resilience of the construction industry; BIM's contribution to the disaster resilience of the construction and supply chain both in the pre-disaster and post-disaster phases.
Results
The literature review fi ndings have been summarized under the two subheadings, namely: contribution of the construction industry to the disaster resilience and enhancing resilience of the construction industry.
Contribution of the construction industry to the disaster resilience
The construction industry plays vital role in enhancing disaster resilience. Construction companies' resilience can infl uence resilience of the construction industry, relevant industries and of the communities (Haigh et al., 2006; Bosher, 2008; Haigh and Amaratunga, 2010; Wilkinson, et al., 2016) . Speed of recovery in the post-disaster phase depends on the speed of the reconstruction of the built environment (Quarantelli, 2008; Wilkinson et al., 2016) . Haigh and Amaratunga (2010) emphasized the built environment's importance in contributing to the communities' resilience stating that "… when elements of it are damaged or destroyed, the ability of society to function -economically and socially -is severely disrupted…" For this reason, actions taken for enhancing communities' resilience need to cover the ways of enhancing disaster resilience of the built environment and of the construction industry. Wilkinson et al. (2016) (Wilkinson, et al., 2016) In the pre-disaster phase, construction companies need to enhance their resilience and invest in pre-disaster risk reduction at the company level as in the post-disaster phase, construction companies are expected to recover their own business' functionality, and to contribute to the post-disaster recovery and reconstruction (Wilkinson, et al., 2016) . Both technical and organisational resiliences are important for improving overall resilience (Sapeciay et al., 2017) .
In the pre-disaster phase, resilience of the construction industry can be enhanced through educating the construction professionals (Wilkinson, et al., 2016) . Built environment professionals need to be equipped with the relevant skills and knowledge so that they can deal with the requirements of the pre-and post-disaster phases. Construction professionals can infl uence technical resilience of the constructions. Improved engineering for buildings and infrastructure can reduce the magnitude of the disasters' impact minimising their consequences (Mileti, 1999; Haigh and Amaratunga, 2010) . Furthermore, construction professionals need to deal with challenges in the post-disaster phase enhancing the recovery process. Built environment professionals need to have strong leadership, ability to manage vulnerabilities and ability to adapt themselves to the changes (Wilkinson, et al., 2016) . They need to be able to manage the boom-bust cycles as a result of disasters (Wilkinson, 2013; Wilkinson, et al., 2016) as construction industry needs to be able to adapt itself to changing and suddenly increasing workload in the post-disaster phase. Furthermore, built environment professionals need to be equipped with the skills and knowledge enabling them to have: project management and technical construction expertise (Haigh and Amaratunga, 2010) ; ability to work with BIM (Building Information Modelling) based construction (Haigh and Amaratunga, 2010) ; ability to achieve building damage assessment and safety evaluation (Wilkinson, et al., 2016) . They need to be able to lead the restoration projects in the post-disaster phase (Baroudi and Rapp, 2016) . Education for disaster restoration projects need to equip them with leadership traits via case studies, small group discussions, and role-playing (Baroudi and Rapp, 2016) . Furthermore, they need to have ability to carry out waste management successfully and effectively (Karunasena and Amaratunga, 2016) especially in the post-disaster phase.
In the pre-disaster phase, resilience needs to be integrated to the codes, policies, culture and work practices. Building regulations and codes need to be prepared considering measures to control disaster waste generation as well as to support construction and demolition waste management (Karunasena and Amaratunga, 2016) as waste management is one of the main problems in the post-disaster phase. Furthermore, policies need to support movement towards resilient built environment. For this reason, policies need to encourage multidisciplinary, interinstitutional (e.g. professional bodies, construction companies, public entities, universities etc.), and international collaboration as well as relevant educations, trainings, researches, and establishment of codes, frameworks, and acts.
In the post-disaster phase, the construction industry needs to mobilize easily and quickly to carry out the damage assessment, removal and disposal of waste, repair and rehabilitation of infrastructure (Wilkinson, 2013; Wilkinson, et al., 2016) , to provide emergency sheltering, temporary sheltering and temporary housing (Quarantelli, 1995; Haigh and Amaratunga, 2010) as well as to restore public services (Lizarralde and Boucher, 2004; Young, 2004; Jigyasu, 2002; Jigyasu, 2004; Haigh and Amaratunga, 2010) and to enable reconstruction (Sapeciay, et al., 2017) . Disaster recovery requires disaster restoration and reconstruction of the built environment as appropriate (Baroudi and Rapp, 2016) . As reconstruction is a dynamic process containing uncertainties (Wilkinson, et al., 2016) , the construction industry professionals need to contribute to the solution of the potential confl icts which can emerge among the stakeholders in the reconstruction phase (Auf De Heide, 1989; Wilkinson, 2013; Wilkinson, et al., 2016) . In the post disaster phase, waste generated in the post disaster phase endangers human health and can cause environmental degradation (Brown et al. 2011; EPA, 2008; FEMA, 2007; JEU, 2010; Kourmpanis et al. 2008; Karunasena and Amaratunga, 2016) . For this reason, in the post-disaster phase, construction companies need to carry out effi cient and effective construction and demolition waste management which requires waste generated due to disasters, demolitions and reconstruction to be collected, transported, processed and disposed (Karunasena et al., 2009; Karunasena, 2011; Karunasena and Amaratunga, 2016) .
Both in the pre-disaster and post-disaster phases construction companies rely on the disaster resilience of their supply chains (SCs). As SC's resilience is important for the smooth fl ow of the works in the post-disaster phase, construction SC's resilience can enhance the resilience of the construction industry and the recovery period in the post-disaster phase. SC's resilience is related with the SC's capability in regaining its original confi guration just after disasters with the help of collaboration among SC members (Boin et al., 2010; Sheffi and Rice, 2005; World Economic Forum, 2015; Ivanov et al., 2014; Papadopoulos, et al., 2017 ). SC's resilience is infl uenced by global competition and disasters. Upstream SC operations are infl uenced by "the global price-based sourcing trends forcing organizations to purchase from cheaper but ''less reliable" and ''less sustainable" suppliers" (Fahimnia and Jabbarzadeh, 2016) . SCs can lose their resilience due to disruptions caused by disasters (Eskew, 2004; Tang, 2006; Chen, et al., 2015) . Environmental risk can result in unavailability of suppliers in a region where disaster occurred. As suppliers are interdependent, a disruption in one supplier may disrupt other suppliers (Kamalahmadi and Parast, 2017) . For this reason, as the risk of a company is not limited to its boundary anymore, the scope of risk management has been extended from the enterprise level to the SC level (Zeng and Yen, 2017) . Chen et al. (2015) gave the 2011 fl ooding in Thailand, and eruption of an Icelandic volcano in 2010 as examples for SC disruptions and their adverse impacts in the post-disaster phase. In 2011 fl ooding in Thailand disrupted the computer manufacturers' SCs (BBC, 2011) whereas eruption of an Icelandic volcano in 2010 affected SCs dependent on air-freighted trade (Chen et al., 2015) .
Enhancing resilience of the construction industry
New technologies can be used to enhance disaster resilience performance of the construction industry. BIM has started to be used to support construction project management. BIM became compulsory for applying to the tenders in various countries (e.g. UK). "BIM refers to a combination or a set of technologies and organizational solutions that are expected to increase interorganizational and disciplinary collaboration in the construction industry and to improve the productivity and quality of the design, construction, and maintenance of buildings" (Miettinen and Paavola, 2014) . In other words, "BIM is an ICT 'hub' to facilitate integration of information pertaining to a building throughout its lifecycle, in form of parametric nD data -whether geometrical or tabular, generated by an array of stakeholders into one centralised, real-time and interactive environment through collaborative working processes" (Farr, et al., 2014) . BIM can be benefi cial in all project phases including refurbishment, facilities management, and demolition (Chong, et al., 2017: 4114; . BIM can support construction project management with respect to the various aspects including: cost planning and estimating (Yoon, et al., 2009 ); tracking and managing changes, and managing site logistics (Pooyan, et al., 2009; Chen and Luo, 2014) ; clash detection (Hardin, 2009) , visualisation and simulation (Eastman et al., 2008) , planning and maintaining building projects (Wang, et al., 2015) . Furthermore, it can contribute to the analysis, coordination and communication for collaborative working, lifecycle information assessment and management, and sustainable design across project lifecycle stages . BIM can contribute to the disaster resilience of the construction industry both in the pre-and post-disaster phases (Tab. 1).
In the pre-disaster phase, BIM can enhance the resilience of the constructions starting from the design phase. It can support resilience of the construction phase and of the SCs. In the design phase, BIM can enhance technical resilience of the constructions enabling simulations on their structural performance and resilience (Alirezaei, et al., 2016 (Alirezaei, et al., : 1058 Barazzetti et al., 2015) . BIM can be used for estimation of damages to the building, assessment of the damage cost and environmental impacts of a damaged building due to earthquake (Alirezaei et al. 2016) . Structural simulation of the historic buildings can be carried out via the two-step methodology (from Cloud to BIM from BIM to fi nite element model) developed by Barazzetti et al. (2015) . In the design phase, BIM can support waste management in the post-disaster phase contributing to the recovery phase. BIM can support effective waste management with the help of deconstructability analysis (Akinade, et al., 2015) which can facilitate post-disaster waste management process. BIM based Deconstructability Assessment Score can be used for determining the extent to which a building could be deconstructed starting from the design stage (Akinade, et al., 2015) . Furthermore, BIM can enable cost effective assessment of different design options to reduce construction waste (Lu et al., 2017; Liu et al., 2011; Liu, et al., 2015) . Both in the design and construction phases, BIM can enhance the risk of accidents (man-made hazards). In the pre-disaster phase, BIM can contribute to the minimization of the occupational health and safety risks as well as to the improvement of the occupational health and safety performance (Zhang et al., 2015) . For example, Zhang et al. (2015) invented an automated rule-checking framework that integrates safety into BIM enabling detection and prevention of fall-related hazards.
Phases

Pre-disaster phase
Design phase
Enabling of assessment of design options to reduce waste (Lu et al, 2017) Facilitating the design team's involvement far sooner in the process, and with more impact, thus designing out environmental ineffi ciencies (Alwan, et al., 2017) Minimising construction waste in their design projects (Liu et al., 2011; Liu, et al., 2015) Enabling deconstruct ability analysis (Akinade, et al., 2015) Enabling simulations on structural performance and resilience of the constructions (e.g. estimation of potential damages) (Alirezaei, et al., 2016; Barazzetti et al., 2015) Both design and construction phases
Enhancing occupational health and safety performance (Zhang et al., 2015) Construction phase Improving the work-fl ow and enhancing the lean performance (Sacks et al., 2010) Enhancing SC's resilience
Post-disaster phase Evacuation and rescue phase
Enabling rapid evacuation (Yenumula, et al., 2015; Tashakkori, et al., 2015) Assessing evacuees behaviour in the evacuation phase (Rüppel and Schatz, 2011) Controlling the evacuation regulation compliance of BIM data (Choi et al., 2014) Providing accurate information contributing to the building disaster management (Dakhil and Alshawi, 2014) Guiding the evacuees to the right and nearest exit (Yenumula, et al., 2015; Rüppel et al. 2010; Wang et al., 2015) Reducing indoor travel times in case of indoor disasters (Tashakkori, et al., 2015) Enhancing fi re safety management (Wang et al., 2015) Recovery and reconstruction phases
Enhancing quality management and adaptation of the construction process to the change orders through 4D BIM (Chen and Luo, 2014) Enhancing SC's resilience Tab. 1 BIM's role in the pre-disaster and post-disaster phases
In the post-disaster phase, BIM can enhance the evacuation, recovery and reconstruction processes as well as SC's resilience enabling smooth and successful workfl ow. The built environment which has been built with BIM can enhance post-disaster phase and contribute to the recovery of the built environment and of the community (Haigh and Amaratunga, 2010) .In the evacuation and rescue phases, BIM can enable rapid evacuation (Yenumula, et al., 2015; Tashakkori, et al., 2015) guiding the evacuees to the nearest exit (Yenumula, et al., 2015; Rüppel et al. 2010; Wang et al., 2015) and reducing indoor travel times (Tashakkori, et al., 2015) . Yenumula, et al. (2015) developed a BIMcontrolled signage system where the fi re sensor detection module has been linked to a building's fi re sensors to the BIM model so that occupants are lead to the exit and evacuated rapidly (Yenumula, et al., 2015) . Similarly, Rüppel et al. (2010) designed a system integrated with BIM to help emergency rescuers fi nd the shortest way to a location within a building (Wang, et al., 2015) . Tashakkori, et al. (2015) developed an Indoor Emergency Spatial Model based on IFC to reduce indoor travel times in case of indoor disasters. Furthermore, BIM can contribute to the assessment of the evacuees' behaviour in the evacuation phase (Rüppel and Schatz, 2011) . BIM can support control of the evacuation regulation compliance of BIM data (Choi et al., 2014) . BIM can contribute to the fi re safety management in the post-disaster phase. Wang, et al. (2015) designed a BIM-based model consisting of four modules (evacuation assessment, escape route planning, safety education, and equipment maintenance) to support fi re safety management of buildings (Wang, et al., 2015) . Li et al. (2014) , on the other hand, introduced a BIM based algorithm to locate fi rst rescuers and people to be evacuated in buildings in evacuation operations in case of fi re disasters (Wang, et al., 2015) . Furthermore, BIM can contribute to search and rescue efforts (Isikdag et al., 2008; Aziz et al., 2009) .
BIM can support construction companies in dealing with the volatile and increased workload in the post-disaster phase. BIM can contribute to the construction process enhancing the quality and resilience of the construction. It can enhance quality management and adaptation of the construction process to the change orders through 4D BIM and presenting multi-dimensional data (e.g. design and time sequence data, etc.) (Chen and Luo, 2014) . Furthermore, 'KanBIM', "a BIM-enabled pull fl ow construction management software system based on the Last Planner System™", can improve the work-fl ow and enhance the lean performance visualizing the product and work fl ow (Sacks et al., 2010) . Similarly, construction process in the recovery phase can be enhanced by the "Construction site information model" (CoSIM) (Trani et al., 2015) .
BIM can support resilience of the SC which is needed both in the pre-disaster and post-disaster phases. SC resilience is important for the effective emergency logistics so that the disaster affected areas receive relief services on time and as fast as possible in the post-disaster phase (Jia and Zhu, 2012) . SC resilience can be enhanced through integrated logistics capabilities contributing to the unifi cation and increased connectivity among the SC members, and inter-related SC capabilities (Jüttner and Maklan, 2011) including (Mandal, et al., 2016) : the SC's visibility (the degree to which SC partners have access to both operational and managerial information related to the SC) (Barratt and Oke, 2007; Wei and Wang, 2010) ; SC fl exibility (readiness of a SC with regard to alternate courses of actions through fl exibility in resource planning); and SC velocity (speed to react to market changes) (Richey, 2009) . Especially, SC fl exibility and SC velocity are necessary for resilience (Mandal, et al., 2016) . As SC partnerships can infl uence the integration of SC risk system, and the operations in SCs, the level of collaboration among SC partners contributes to the resilience of SCs (Zeng and Yen, 2017) . Afshar and Haghani (2012) emphasised the importance of integrated logistics operations in response to natural disasters. As Lee (2004) highlights, a successful SC recovery strategy must comply with agility, adaptability, and alignment (Chen, et al., 2015) . BIM can enable the SC to deal with the diffi culties and challenges in the predisaster and post-disaster phases. BIM can support the resilience of the construction SC enabling real time information sharing throughout the construction SC (Shi, et al., 2016) . BIM can enable tracking the SC status and delivery of materials through its integration with geographic information system (Irizarry, et al., 2013) . Furthermore, BIM, supported by the augmented reality, can contribute to the real-time visualisation of the physical context of each construction activity and task (Wang, et al., 2013) . BIM can enhance resilience of the SC contributing to the visibility, velocity, collaboration, and logistics of the SC.
Discussion
Frequencies and magnitudes of the natural disasters tend to increase especially due to the global warming. Natural disasters and man-made disasters (e.g. wars, accidents) endanger resilience and survival of the humanity. For this reason, taking effective precautions and actions to enhance resilience of the humanity to the disasters is important and requires international collaboration. As construction industry plays an important role in reducing adverse impacts of the disasters and in rapidly recovery in the post-disaster phase, enhancing resilience of the construction industry can contribute to the resilience of the humanity. Construction industry's resilience depends on various factors including the resilience of the built environment, construction project management, and of the SC.
New technologies such as BIM can be benefi cial for the construction industry's resilience both in the pre-disaster and post-disaster phases. In the pre-disaster phase, BIM can enhance the resilience of the built environment, the design and construction phases as well as of the SCs (Tab. 1). BIM can support waste management enabling reduction in waste through deconstructability analysis (Akinade, et al., 2015) , and cost effective assessment of different design options (Lu et al., 2017) . Furthermore, BIM can support technical resilience of the constructions through structural simulations (Alirezaei, et al., 2016; Barazzetti et al., 2015) . BIM can also contribute to the occupational health and safety performance (Zhang et al., 2015) reducing man-made hazards (e.g. accident). In the post-disaster phase, BIM can enhance evacuation and recovery processes including reconstruction as well as SC's resilience. BIM can enable rapid evacuation (Yenumula, et al., 2015; Tashakkori, et al., 2015) guiding the evacuees to the nearest exit (Yenumula, et al., 2015; Rüppel et al. 2010; Wang et al., 2015) and assessing evacuees' behaviour (Rüppel and Schatz, 2011) . BIM can support the design team enabling them to control BIM data's compliance with the evacuation regulation (Choi et al., 2014) . Furthermore, BIM can support construction companies to manage the increased workload due to the need for rapid reconstruction in the post-disaster phase. BIM can contribute to the quality management and change management (Chen and Luo, 2014) as well as to the lean performance of the construction process (Sacks et al., 2010) . BIM can support the recovery and reconstruction phases enhancing SC's resilience as well as enabling fast recovery of the community and reconstruction of the built environment. For this reason, transformation of the construction project management process into a BIM based one and extending its scope to include facilities management are important for enhancing disaster resilience of the construction industry in the pre-disaster and post-disaster phases.
Even if BIM can enhance resilience of the construction industry, construction companies need to be aware of the fact that resilience needs to be integrated to the culture and work practices. Policies need to encourage multidisciplinary, interinstitutional (e.g. professional bodies, construction companies, public entities, universities etc.), and international collaboration as well as relevant educations, trainings, researches, and establishment of codes, frameworks, and acts. Built environment professionals need to be educated and trained so that they are equipped with all requirements of the disaster management. They need to be competent in BIM due to their role in establishment of the resilient built environment and community. Interdisciplinary and global collaboration in the fi eld of education and research can support education and training on the disaster resilience. Disaster resilience concepts need to be integrated into the education of built environment professionals and stakeholders education (e.g. community; construction professionals; politicians, etc.). Requirements of the social, economic, political, managerial, legal, and technical aspects of the disaster resilience need to be integrated to the education and training of the built environment professionals. Resilient construction industry enhances resilience of the community. Establishment of the resilient built environment and communities is a multidisciplinary and multi stakeholder process which can be supported by interinstitutional and international collaboration. For this reason, governments, education, social and mass media as well as professional bodies need to contribute to the establishment of disaster resilient built environment and community in the pre-and post-disaster phases.
Conclusion
This paper investigated the usage of BIM in enhancing disaster resilience of the construction industry and in establishment of the resilient built environment. Need for disaster resilient built environment and community is increasing due to the increase in the frequency and magnitude of disasters. This paper emphasises that BIM can enhance resilience of the built environment, construction industry and of the SC in the pre-disaster phase (e.g. technical resilience) and post-disaster phase (e.g. evacuation, recovery and reconstruction process). It is important for the policy makers and stakeholders of the built environment to encourage BIM based construction for resilient built environment and construction industry. For this reason, BIM needs to be integrated to the education and training curriculums of built environment professionals so that the resilience of the construction industry can be enhanced. Built environment professionals play important roles with respect to the managerial, and technical aspects of the pre-disaster (e.g. establishing the resilient built environment) and post-disaster phases. Resilient construction industry, resilient built environment and community need to be considered together as they infl uence each other. Further research is recommended to be carried out on the ways for widespreading the usage of BIM for enhancing the disaster resilience as well as on the barriers against its usage as a tool for addressing many disaster resilience problems. Policy makers, construction professionals, professional bodies, and academics can get benefi t from this research.
